| INTRODUCTION
Contraction of skeletal muscle fibers is controlled by internal calcium released from the sarcoplasmic reticulum (SR) in response to electrical excitation of the cell membrane. In this process, termed excitationcontraction (EC) coupling, depolarization of the plasma membrane is sensed by the dihydropyridine receptor (DHPR or Ca V 1.1), a voltagegated calcium channel acting as a voltage sensor, and directly communicated to the SR calcium release channel, the type 1 ryanodine receptor (RyR1). To accomplish this tight functional coupling, DHPRs in the t-tubule membrane and RyR1s in the SR are regularly arranged in close proximity to each other in the junctional membranes of triads or peripheral couplings (Block, 1988; Paolini, Fessenden, Pessah, & Franzini-Armstrong, 2004) . The loss of either the DHPR α 1S or β 1a subunits or of the RyR1 causes failure of EC coupling and perinatal death of null-mutant mice (Gregg et al., 1996; Schredelseker et al., 2005; Takeshima et al., 1994; Tanabe, Beam, Powell, & Numa, 1988) . Therefore, these three triad proteins were traditionally considered to represent the essential EC coupling proteins.
Recently, the adaptor protein STAC3 (SH3 and cysteine-rich domain 3) has been identified as an additional essential EC coupling protein.
STAC3 is exclusively expressed in skeletal muscles, where it is localized in the triads. Knockout of STAC3 causes loss of EC coupling and paralysis in mice and fish, and human mutations of STAC3 cause the debilitating Native American myopathy (NAM; Horstick et al., 2013; Nelson et al., 2013) . In triads of STAC3 knockout (STAC3-KO) myotubes, the expression of the DHPR as well as its gating and calcium currents is reduced, whereas EC coupling is completely abolished (Linsley, Hsu, Groom, et al., 2017; Polster, Nelson, Olson, & Beam, 2016) . In the absence of STAC3, the DHPR current properties resembled those previously described in dyspedic (RyR1 −/− ) myotubes, suggesting that also the retrograde coupling of RyR1 and DHPR is abolished in STAC3 knockout muscle (Polster et al., 2016) . Finally, X-ray structure analysis identified a functionally important interaction between the first SH3 domain of STAC3 and the critical EC coupling domain in the cytoplasmic II-III loop of the DHPR. Both the NAM mutation in the SH3-1 domain of STAC3 and mutating critical residues in the II-III loop of the DHPR perturbed STAC3-DHPR binding and EC coupling (Wong King Yuen, Campiglio, Tung, Flucher, & Van Petegem, 2017) . This combined evidence suggested the intriguing possibility that STAC3 might be the missing functional link between the DHPR and RyR1. In fact, this notion is supported by coimmunoprecipitation and mass spectrometry data showing STAC3 binding to both the DHPR and RyR1 (Horstick et al., 2013 Polster, Perni, Bichraoui, & Beam, 2015) . These results indicated that the DHPR was essential for the incorporation of STAC3 into the triads and that apart from the DHPR no interaction partners existed that were capable of recruiting STAC3 into the triads.
Here, we report new findings conflicting with these earlier observations. Using a specific antibody, we localized endogenous 
| MATERIALS AND METHODS

| Dysgenic myotube culture and transfection
Myoblasts of the dysgenic (Ca V 1.1 −/− ) cell line GLT were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 10% horse serum, 2 mM of glutamine, penicillin (10 units/ml), and streptomycin (10 μg/ml; Gibco, Thermo-Fischer scientific, Waltham, MA) and maintained at 37°C in a humified environment with 10% CO 2 . For immunostaining, myotubes of the homozygous dysgenic (mdg/mdg) GLT cell line were plated on carbon and gelatincoated coverslips and switched to serum-free medium after 48 hr to induce myoblast fusion. At the onset of myoblast fusion (DIV 4), they were transiently transfected with STAC3 constructs with and without Ca V 1.2 using FugeneHD (Promega, Fitchburg, WI), according to the manufacturer's instructions.
2.2 | tsA201 cell culture and transfection tsA201 cells stably expressing β 3 and α 2 δ-1 were cultured as previously described (Ortner et al., 2017) . Cells were transiently transfected with 0.25 μg of plasmid cDNA using FugeneHD (Promega) on the day of plating. Cells were replated 24 h after transfection onto 13 mm poly-L-lysine-coated coverslips and kept at 30°C with 5% CO 2 for 24 h until fixation.
| Immunofluorescence staining and image processing
Paraformaldehyde-fixed cultures were stained as previously described . Primary antibodies were used as follows: rabbit polyclonal anti-STAC3 (1:2,000 in myotubes, 1:5,000 in tsA201 cells; Proteintech Group, Rosemont, IL); mouse monoclonal anti-β 1
(1:2,000, cl. N7/18; NeuroMab/National Institute of Health NeuroMab Facility, Davis, CA); mouse monoclonal anti-RyR (1:1,000, cl. 34C; Alexis Biochemicals, San Diego, CA); rabbit polyclonal anti-RyR1 (1:2,000; Barone et al., 1998) ; mouse monoclonal anti-GFP (1:2,000, cl.270F3; Synaptic Systems, Goettingen, Germany); rabbit polyclonal anti-GFP (1:10,000; Molecular Probes, Eugene, OR); and rat monoclonal anti-HA
(1:1,000; Roche Diagnostics, Basel, Switzerland). Secondary antibodies used were as follows: goat anti-mouse Alexa 594 (1:4,000) and Alexa 488
(1:2,000); goat anti-rabbit Alexa 594 (1:4,000) and Alexa 488 (1:4,000); and goat anti-rat Alexa 594 (1:4,000, all from Invitrogen, Carlsbad, CA). . Results are expressed as mean ± SEM.
| Diaphragm muscle immunostaining
Maintenance and handling of dysgenic (Ca V 1.1 −/− ) mice (Tanabe et al., 1988) conformed to the guidelines of the European Community (86/609/EEC) and were approved by the Austrian Ministry of Science (BMWFW-66.011/0002-WF/V/3b/2015). Homozygous wildtype or dysgenic mice were obtained from heterozygous mating, and diaphragm muscle was dissected from E18.5 embryos because homozygous dysgenic mice are not viable. Ribcages with the diaphragm were fixed with 4% paraformaldehyde in 0.1 M of phosphate buffer (pH 7.2) for 30 min at room temperature. Diaphragms were dissected in phosphatebuffered saline (PBS) and incubated in 0.1 M of glycine in PBS for 1 hr at room temperature, permeabilized, and blocked in PBS containing 1% bovine serum albumin, 5% normal goat serum, and 0.2% Triton X-100 overnight at 4°C. Primary antibodies mouse anti-RyR1 (1:500) and rabbit STAC3 (1:1,000) were applied overnight at 4°C. The muscle samples were then washed three times at 1 hr intervals and incubated with secondary anti-mouse Alexa 594 (1:4,000) and anti-rabbit Alexa 488 (1:4,000) for 2 hr at room temperature. Diaphragms were then flat-mounted in Vectashield mounting medium. Images were captured on a Leica microsystems SP5 laser scanning confocal microscope equipped with a ×63, 1.4 numerical aperture (NA) oil-immersion lens (Leica Microsystems, Wetzlar, Germany). Fluorescence was excited using the 488 and 561 nm laser lines and recorded at bandwidths of 493-556 nm (green channel) and 566-752 nm (red channel), respectively. Eight-bit images with 1024 × 256 pixels were acquired at 400 Hz scan speed. Color overlays and fluorescence intensity plots were generated using Metamorph (Universal Imaging). The analysis was performed on five diaphragms from three litters.
| Cloning procedures
All plasmids contain the pcDNA3 backbone, and the expression is under control of a CMV promoter. Cloning procedures for pc-Ca V 1.1 (NM_001101720), pc-Ca V 1.2 (X15539), pc-STAC3-GFP (NM_177707), pc-STAC1-GFP (NM_016853), and pc-STAC2-GFP (NM_146028) were previously described Neuhuber, Gerster, Mitterdorfer, et al., 1998) .
| pc-GFP-STAC3
pc-GFP-STAC3. The coding sequence of STAC3 was isolated by polymerase chain reaction (PCR) using pc-STAC3-GFP as template, with the forward primer introducing a SalI site and the reverse primer introducing an EcoRI site. The PCR fragment was then SalI/ EcoRI digested and introduced into the corresponding sites of GFPCa V 1.1 (Grabner, Dirksen, & Beam, 1998) , yielding pc-GFP-STAC3.
| pc-STAC3-HA
The coding sequence of STAC3 was amplified by PCR using pc-STAC3-GFP as template. The forward primer was designed to introduce a KpnI site, whereas the reverse primer introduced an HA tag and XhoI site. The STAC3-HA fragment generated by PCR was then KpnI/XhoI digested and introduced into the corresponding sites of pc-STAC3-GFP, yielding pc-STAC3-HA.
| RESULTS
Myotubes of dysgenic (Ca V 1.1 −/− ) mice form triads and peripheral junctions containing RyR1, but lacking the DHPR. When double-labeled with anti-RyR1 and anti-β 1a , RyR1 is localized in a clustered distribution pattern, indicating its localization in the triads, whereas β 1a is evenly distributed throughout the cytoplasm because it requires the lacking DHPR α 1 subunit for its own incorporation into the EC coupling apparatus (Figure 1a ; Neuhuber, Gerster, Doring, et al., 1998) . for studying the properties of chimeric and mutated STAC proteins . Similarly to the β 1a subunit, STAC3-GFP remained diffusely distributed in the cytoplasm of dysgenic myotubes in the absence of a DHPR α 1 subunit but adopted a clustered distribution and colocalized with RyR1 in the presence of Ca V 1.1 or Ca V 1.2 . These findings were in agreement with similar observations by Polster et al. (2015) also using C-terminally tagged STAC3 and together led to the conclusion that the incorporation of STAC3 into skeletal muscle triads requires the DHPR.
Here, we used immunostaining to analyze the distribution of endogenous STAC3 in dysgenic myotubes. The rabbit STAC3 antibody has been previously used for Western blot analysis (Cong et al., 2016) .
We established antibody specificity in a cellular context in tsA201 cells transiently transfected with either STAC1-GFP, STAC2-GFP, or STAC3-GFP, where the anti-STAC3 antibody specifically labeled STAC3-GFPtransfected cells (Supporting Information Figure S1 ).
In dysgenic myotubes lacking the DHPR, we expected to obtain the same diffused distribution with anti-STAC3 labeling as previously observed with heterologous STAC-GFP .
However, STAC3 immunolabeling of untransfected dysgenic myotubes resulted in a clustered distribution (Figure 1a) . In all analyzed myotubes, the STAC3 clusters were colocalized with the RyR1, whereas the DHPR β 1a subunit was diffusely distributed, clearly indicating that endogenous STAC3 is localized in triads and peripheral junctions in the absence of the DHPR in dysgenic myotubes.
To examine whether this was also the case in skeletal muscle fibers in vivo, we repeated the RyR1-STAC3 double-immunofluorescence staining in diaphragm muscle fibers of dysgenic mice at embryonic day (Supporting Information Figure S2 ). Thus, the lower efficacy of Ca V 1.1 in recruiting STAC3-GFP observed previously may reflect a higher occupancy of its binding sites with endogenous STAC3 due to the optimal assembly of all three components (Ca V 1.1, STAC3, and RyR1) in the skeletal muscle EC coupling apparatus. Conversely, Ca V 1.2, which is not directly associated with the RyR1 (Kasielke, Obermair, Kugler, Grabner, & Flucher, 2003; Takekura, 2004) , may not be within reach of endogenous STAC3 in the EC coupling apparatus and therefore be better accessible for heterologous STAC3-GFP. Thus, the finding that endogenous STAC3 colocalizes with the RyR1 in triads with and without the DHPR is consistent with its putative role in mediating the interaction between the DHPR and RyR1 in skeletal muscle EC coupling, and it provides reasonable explanations for previously unexplained observations.
| DISCUSSION
The result presented here demonstrates that, unlike the DHPR β 1a subunit, endogenous STAC3 does not require a DHPR α 1 subunit to localize in skeletal muscle triads (Figure 1 ). This contrasts previous observations where heterologously expressed STAC3 was not clustered in triads of DHPR-null myotubes Polster et al., 2015) . That lack of incorporation into the triads of heterologous STAC3 does not depend on tag size or orientation (Figure 2 ), suggesting that endogenous STAC3 in the triads prevents incorporation of heterologous STAC3 into the triadic complex in the absence of the DHPR. Consistent with this notion, Polster et al. (2018) recently reported that in the absence of endogenous STAC3, heterologously expressed neuronal STAC isoforms are incorporated in the triads of the myotubes. Yet, the same STAC isoforms failed to be incorporated in the triads of myotubes containing Ca V 1.1 and endogenous STAC3 ). To conclusively demonstrate that in the absence of the DHPR endogenous STAC3 prevents triad incorporation of heterologously expressed STAC3, a STAC3-DHPR double null-mutant muscle expression system will need to be established. was even termed DHPR ε subunit (Bannister, 2016) . Indeed, studies performed on STAC3-null myotubes found that the absence of STAC3 compromised the trafficking, stability, and function of the DHPR in the membrane, similarly to what had been observed in the absence of β 1a (Linsley, Hsu, Groom, et al., 2017; Polster et al., 2015 Polster et al., , 2016 . However, a more recent study revealed a substantial difference between STAC3 and the β 1a subunit. Whereas in the absence of the β 1a triad, targeting of the DHPR failed, this was not the case in the absence of STAC3 (Linsley, Hsu, Wang, et al., 2017) . Our present finding that STAC3 is located in the triads independent of the DHPR further emphasizes the distinct roles of β 1a and STAC3 in trafficking and stabilizing the DHPR, STAC3 contains a C1 domain and tandem SH3 domains (SH3-1 and SH3-2; Figure 3) . Recently, we determined that the C1 domain and the tandem SH3 domains engage in separate interactions with the DHPR: one critical for the targeting of heterologous STAC3 to the triads and for modulating the inactivation of Ca V 1.2 calcium currents and the other involved in EC coupling (Wong King Yuen et al., 2017) . More specifically, the crystal structure of the tandem SH3 domains in a complex with the II-III loop of the DHPR revealed that this interaction mostly involves the SH3-1 domain with a smaller contribution of the SH3-2 domain, leaving the canonical binding surface of the SH3-2 domain available for additional interactions (Wong King Yuen et al., 2017) .
Because STAC3 colocalizes with the RyR1 in the absence of the DHPR and is critical for voltage-induced calcium release by the RyR1, it is possible that the two proteins interact with each other. This interaction could be direct, which is consistent with their copurification in a proteomics study (Horstick et al., 2013) , or indirect, as suggested by fluorescence recovery after photobleaching (FRAP) experiments in tsA201 cells (Polster et al., 2015) . Recently, the group of Kurt Beam reconstituted skeletal muscle-like DHPR-RyR1 coupling in tsA201 cells with only five proteins-the DHPR α 1 and β 1a subunits, STAC3, RyR1, and junctophilin 2 (Perni, Lavorato, & Beam, 2017 )-thus excluding the possibility that further proteins might be necessary to mediate the interaction between DHPR and RyR1. Our current finding that STAC3
can associate with the RyR1 in triads lacking the DHPR α 1 and β 1a subunits now eliminates the remaining conceptual obstacle for the otherwise likely model that STAC3 mediates skeletal muscle EC coupling by directly linking the voltage sensor (DHPR) with the SR calcium release channel (RyR1).
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